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 ABSTRACT 
  RetS is a unique, hybrid two component sensor highly conserved 
among sequenced Pseudomonas species.  RetS is best characterized in P. 
aeruginosa where it modulates chronic versus acute infection with its 
antagonist LadS via signaling through GacS/A and small regulatory RNAs.  
We conducted a transposon mutagenesis screen of P. syringae DC3000 
carrying a hrp box promoter fused to a GUS reporter plasmid to investigate 
regulation of the type three secretion system.  We isolated several transposon 
insertion events in PSPTO_4868 that showed reduced reporter activity in hrp 
inducing medium.  The predicted coding sequence of PSPTO_4868 shows 
58.6% identity over 889 residues to P. aeruginosa RetS (PA4856) and 94.0% 
identity over 929 residues to P. syringae B728a RetS (Psyr_4408).  A DC3000 
PSPTO_4868 pKnockout strain (hereafter ∆retS) showed reduced type three 
secretion (T3SS) activity in vitro as measured by an avrPtoB::Lux reporter 
plasmid in hrp minimal medium supplemented with fructose or mannitol, but 
not when supplemented with sucrose, succinate, glutamate, or GABA as a 
carbon source.  qRT-PCR confirmed that the ∆retS is unable to fully activate 
the T3SS, and this response is modulated at least in part through RsmZ 
similarly to P. aeruginosa.  The mutant was able to swarm in the presence of 
NaCl where WT is immotile.  ∆retS had no HR defect in tobacco.  These 
results indicate that RetS in DC3000 is potentially involved in pathogenesis, 
but its actual role in planta remains to be determined.  
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INTRODUCTION 
Pseudomonas syringae pv. tomato DC3000 (hereafter DC3000) is an 
ideal candidate for studying molecular pathogenesis and plant-microbe 
interactions.  It causes disease on both tomato (Lycopersicon esculentum) 
(Cuppels & Ainsworth, 1995) and Arabidopsis thaliana (Whalen et al., 1991), 
and is used in studies with the non-host Nicotiana benthamiana (Abramovitch 
& Martin, 2004).  Both DC3000 (Buell et al., 2003) and Arabidopsis (The 
Arabidopsis Genome Initiative, 2000) have been sequenced and are 
genetically tractable.  This greatly facilitates in depth research for 
characterizing DC3000 pathogenicity at the molecular level.  Many DC3000 
regulatory elements of pathogenesis are conserved among other pathogenic 
Pseudomonas species including environmental sensing by two-component 
systems (TCS), signal transduction via GacS/GacA/RsmA/regulatory small 
RNA molecules, and alternative sigma factors.  This signal transduction relay 
ultimately leads to the expression of the Type Three Secretion System (T3SS) 
forming a syringe-like organelle that translocates effectors from the bacterium 
into the host cell compromising host immunity. 
 
Two-Component Systems 
  Bacteria use TCS to sense and respond to environmental stimuli.  The 
classical TCS contains a sensor histidine kinase that transduces a signal from 
the periplasm to the bacterial cytoplasm when activated by a specific ligand.  
This information is then relayed to a cognate response regulator, usually by 
phosphorylation from conserved His-to-Asp residues, which induces a 
physiological response.  RetS (regulator of exopolysaccharide and Type III 
Secretion) is a hybrid TCS that contains both sensory and response regulatory  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domains.  It has also been described as a unique TCS because it has two C-
terminal receiver domains.  RetS is especially interesting because it is involved 
in P. aeruginosa pathogenicity (Goodman et al., 2004).   
 
∆retS phenotypes 
  RetS was independently discovered, characterized, and published in P. 
aeruginosa by two different groups.  In the first published study, RetS-
dependent induction of T3SS activity was shown by systematic replacement of 
TCSs with a gentamicin antibiotic cassette (Goodman et al., 2004).  In the 
alternate case, RetS was discovered by mapping transposon insertions 
responsible for reduced virulence and virulence-associated phenotypes 
(Laskowski et al., 2004, Zolfaghar et al., 2005).  These initial studies 
demonstrated the role of RetS in various regulatory cascades linking an 
environmental sensor with known components of T3SS regulation.  RetS is 
also involved in biofilm development, adhesion to mammalian cells, chronic 
versus acute persistence in a murine mouse model, the expression of toxin 
genes, and it was hypothesized to work through the GacS/GacA/RsmZ 
pathway (Goodman et al., 2004).  RetS (under the name RtsM) was further 
shown to affect the expression of the T3SS regulators ExsA and ExsD, and 
secretion of effectors ExoU and ExoT, which could be compensated for by 
overexpressing vfr or exsA (Laskowski et al., 2004).  The retS mutant also 
displayed a defect in twitching motility, which relies on Type IV pili, attenuated 
virulence in mouse corneal infection assays at 12 hours post inoculation (yet 
increased colonization after 7 days), and reduced invasion of epithelial cells 
showing effects both within and outside of the T3SS (Zolfaghar et al., 2005, 
Zolfaghar et al., 2006).  RetS is required for sliding motility (Murray &  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Kazmierczak, 2008) and swarming (Goodman et al., 2004).  Later studies that 
built upon the regulatory model also showed the antagonistic responses 
between RetS and LadS (lost adherence sensor) on biofilm formation (chronic 
infection) or T3SS induction (acute infection) through the small regulatory RNA 
RsmZ as shown in Figure 1 (Ventre et al., 2006).  For comparison, the P. 
syringae pv. syringae B728a (hereafter B728a) RetS model is shown in Figure 
2 (Records & Gross, 2010).  From our experiments, the DC3000 RetS model 
(Figure 3) more closely resembles the P. aeruginosa RetS model than the 
B728a model. 
RetS and LadS also reciprocally regulate the Type Six Secretion 
System (T6SS) and exopolysaccharide production with RetS repressing and 
LadS activating these systems in acute and chronic infections respectively 
(Goodman et al., 2004, Mougous et al., 2006, Brencic & Lory, 2009).  
Research documenting the effects of RetS and LadS orthologs in B728a were 
recently published (Records & Gross, 2010).  The RetS ortholog in B728a is a 
negative regulator of the T6SS and mucoidy (alginate production), and positive 
regulator of T3SS.  The retS mutant also grew poorly compared to wild type 
(WT) on bean leaves in low relative humidity, but similarly to WT with high 
relative humidity.  The retS mutant was able to cause disease symptoms when 
infiltrated into a host plant similar to WT.   
 
T3SS regulation via RetS 
Mutational studies of RetS in P. aeruginosa reveal interesting functions 
and domain architecture.  Removal of the periplasmic sensory domain resulted 
in slightly increased virulence in one study, which also showed that receiver 
domain 2, but not receiver domain 1, is required for virulence in mouse  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(Laskowski & Kazmierczak, 2006).  RetS directly binds to GacS, preventing 
GacA phosphorylation, which inhibits biofilm formation through the 
GacA/RsmZ/RsmA pathway (Goodman et al., 2009).  The direct binding and 
inhibition of GacS by RetS does not require the predicted phosphorelay 
residues of the RetS REC domains (Goodman et al., 2009).  RetS does not 
appear to be capable of autophosphorylation (Jing et al., 2010, Goodman et 
al., 2009), but can phosphorylate HptB which is involved in swarming and 
biofilm phenotypes (Hsu et al., 2008).   
 
 
Figure 1. P. aeruginosa RetS model. 
Model of RetS in P. aeruginosa showing antagonistic effects of RetS and LadS 
(Ventre et al., 2006).  RetS represses GacS from activating GacA.  This leads 
to reduced levels of RsmZ leaving RsmA free to repress biofilm.  Biofilm and 
T3SS (or TTSS in Figure 1) are inversely regulated.  The T3SS is induced 
when biofilm is repressed and vice versa.   
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Figure 2. B728a RetS model.  
Model showing GacS-independent role of RetS for inducing the T3SS in 
B728a (Records & Gross, 2010). 
 
 
Figure 3. Proposed DC3000 RetS model.   
Model of RetS at the top of DC3000 T3SS regulation.  Red colors show RetS-
dependent T3SS induction or swarming, blue lines show inverse regulation.  
Dashed lines indicate predicted alternate associations relevant to swarming. 
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In P. aeruginosa, RetS also represses the T6SS in an HptB-
independent manner through the activity of RsmA and the small RNAs RsmY 
and RsmZ (Bordi et al., 2010, Brencic & Lory, 2009).  The current model 
suggests that RetS is found as a dimer in the cell membrane, dissociates after 
binding an unidentified ligand, and directly interacts with GacS, interfering with 
GacS signaling leading to decreased RsmZ levels and induction of the T3SS 
(Jing et al., 2010).  The specific environmental signal that binds to the RetS 
periplasmic domain is not known, but the N-terminal region contains an amino 
acid sequence that is predicted to have a carbohydrate binding domain. 
 
T3SS in DC3000 
  Induction of the T3SS in P. syringae is environmentally regulated and 
induced in a host plant or in minimal medium that may mimic the host 
environment.  Specific elicitors of T3SS include carbon and nitrogen sources, 
osmolarity, pH, and plant specific molecules (Huynh et al., 1989, Rahme et al., 
1992, Grimm et al., 1995, van Dijk et al., 1999).  P. syringae mirrors P. 
aeruginosa in the activity of GacA, in that GacA disruption had pleiotropic 
effects in both species including effects on virulence-associated phenotypes.  
In P. aeruginosa, GacA signaling works through the two regulatory small 
RNAs, RsmY and RsmZ.  GacA mutants show upregulation of the T3SS and 
type IV pili genes, and downregulation of biofilm and T6SS genes (Brencic et 
al., 2009).  In DC3000, GacA is a master regulator responsible for induction of 
the T3SS and the small regulatory RNAs RsmB and RsmZ, and a GacA 
mutant shows reduced swarming motility and quorum sensing signal 
production (Chatterjee et al., 2003).  Downstream of GacA, HrpR and HrpS 
induce the expression of hrpL, an alternative sigma factor (Hutcheson et al.,  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2001, Grimm et al., 1995, Xiao et al., 1994).  hrpL activation by HrpR and 
HrpS requires RpoN (Hendrickson et al., 2000).   HrpR is antagonized by Lon-
associated degradation in nutritionally rich medium (Bretz et al., 2002).  HrpL 
induces the expression of the hrp structural genes and effectors (Xiao et al., 
1994).  For an excellent review on host-microbe interactions and comparative 
gene regulation see (Brencic & Winans, 2005).   
 
Genomics based T3SS studies in P. syringae 
Previous genomics-based mutagenic studies have attempted to 
uncover additional upstream regulatory elements of P. syringae T3SS.  One 
used a phrpZ::uidA reporter construct in P. syringae pv. maculicola, 
mutagenized with nitrosoguanidine, and then plated transformants on minimal 
medium (Hendrickson et al., 2000).  They screened 14,000 colonies and found 
297 putative hrp regulatory mutants, but were unable to identify any regulatory 
genes outside of the hrp gene cluster.  Another study used a pavrPto::Luc 
reporter plasmid and transposon mutagenesis to screen for inhibition of 
reporter activity in Arabidopsis leaves for 6,000 P. syringae pv. phaseolicola 
NPS3121 transformants (Xiao et al., 2007).  They identified two Tn5 insertion 
mutants in rhpS, as part of the RhpS/R TCS that reduced T3SS induction in 
planta and in minimal medium.  rhpS mutants also had a reduced HR 
phenotype in the non-host Nicotiana tabacum and reduced disease in the Red 
Kidney bean host.  A recent genomics-based mutagenesis study used two 
constructs, pavrPto::Luc and phrpL::Luc, and screened a total of 27,872 
transposon insertion mutants for repressed reporter activity in liquid cultures of 
inducing minimal medium (Deng et al., 2009).  Insertion events were mapped 
from 92 mutants with decreased reporter activity to rhpS, hrpS, aefR, and  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many genes involved in basic cellular metabolism.  Finally, though not a 
mutagenic study, a genomics-based in vivo expression technology study 
successfully identified P. syringae pv. tomato gene promoters that are 
expressed in the Arabidopsis host but not when grown on rich medium (Boch 
et al., 2002).  They characterized 79 genes from their experiment and found 
both known and unknown virulence genes. 
We conducted a transposon mutagenesis screen of DC3000 to identify 
upstream regulatory elements influencing reporter activity from a phrpJ::uidA 
reporter plasmid.  The strengths of this study are the large number of colonies 
that we were able to screen (~120,000) and the potential for saturation 
mutagenesis as indicated by the successful identification of multiple insertion 
events in hrpR, hrpS, hrpL, rhpS, and tvrR which are all known DC3000 T3SS 
regulatory elements.  One gene, PSPTO_4868, had 17 independent insertion 
events that displayed a reduction in reporter activity.  The predicted amino 
acid sequence of PSPTO_4868 shows conservation and synteny with P. 
aeruginosa RetS (58.6% identity, 889 residues) and B728a RetS (94.0% 
identity, 929 residues) (http://expasy.ch/tools/sim.html), and is hereafter 
referred to as RetS.  RetS completely repressed swarming in medium 
supplemented with NaCl.  The ∆retS strain also had reduced T3SS reporter 
activity in hrp minimal medium supplemented with fructose or mannitol, but not 
when supplemented with citrate, GABA, L-glutamate, succinate, or sucrose as 
carbon sources.  qRT-PCR additionally showed that RetS induces the T3SS 
through the RsmZ regulatory cascade similarly to in P. aeruginosa.   
  9 
MATERIALS AND METHODS 
Strains, plasmids, and primers 
  The strains, plasmids, and primers used in this study are listed in Table 
1.  The strain nomenclature from Table 1 will be used throughout this report. 
Table 1. Strains, plasmids, and primers 
Strains  Antibiotic Markers  Functional Characteristics 
WT DC3000  Rif  Parental WT DC3000 strain 
WT pBS45  Tet, Kan  WT DC3000 with pavrptoB::LuxCDABE plasmid reporter 
WT pBS63  Tet, Kan  WT DC3000 with phrpJ::LuxCDABE plasmid reporter 
WT RecTE  Rif, Gent  Integrates dsDNA into chromosome with specificity 
WT pAC1  Rif, Tet  phrpJ::iucD expresses GUS under T3SS inducing conditions 
∆retS-RecTE   Rif, Kan  PSPTO_4868 mutant derived by RecTE system 
∆retS  Rif, Spec  PSPTO_4868 mutant derived by pKnockout mutagenesis 
∆retS Comp  Rif, Spec, Gent  PSPTO_4868 pKO mutant complemented on plasmid 
∆retS pBS45  Tet, Kan  ∆retS with pavrptoB::LuxCDABE plasmid reporter 
∆vfr pBS63  Tet, Kan  ∆vfr with phrpJ::LuxCDABE plasmid reporter 
     
Plasmids  Antibiotic Markers  Functional Characteristics 
pBS45  Tet, Kan  pavrptoB::LuxCDABE 
pBS46  Gent  Complementation and overexpression plasmid 
pBS63  Tet, Kan  phrpJ::LuxCDABE 
pBS181  Tet, Kan  phrpJ::iucD expresses GUS under T3SS inducing conditions 
pAC1  Tet  pBS181 except with KanR gene excised via PstI digest 
pENTR/SD/D  Kan  Gateway entry vector 
pKnockout Ω plasmid  Spec  Used to generate gene knockouts via plasmid integration 
pUCP24/RecTE  Gent  RecTE overexpression plasmid 
     
Primer ID  Primer Sequence 5' to 3' 
oSWC02330  CCTTTGCCATGTTTCAGAAACAACT 
oSWC02332  CCGTTGAATATGGCTCATAACACCCCT 
oSWC02210  GCAATGTAACATCAGAGATTTTGAG 
oSWC01139  GTAACACTGGCAGAGCATTACGCTG 
oSWC02331  GGATCAGATCACGCATCTTCCCGACA 
oSWC02209  ACCTACAACAAAGCTCTCATCAACC 
oSWC00141  GGCCACGCGTCGACTAGTACNNNNNNNNNNGAACG 
oSWC00142  GGCCACGCGTCGACTAGTAC 
oSWC02728  CACCGTGCGCTGGCTCAGGATTGCCA 
0SWC02729  TCAGTTTTGCCGATAGTGCTCGCCAT 
oSWC02724  AGTAGTGGATCCCTGCTGCTCAACCTGCTTCGCCCTA 
oSWC02725  AGTAGTGGATCCAAGCGCAACGCCGAGCAGGATTT 
oSWC00379  AGGCAAGTATTTCCTGTCGCC 
oSWC00380  CTGGTACTCACCCAGCAGTTTTT 
oSWC02464  AACCGCATTCACGAGTTGTCCA 
oSWC02465  TTGACCACACCGAATAACTGGCTC 
oSWC02466  GGATGACATTCTCCAGTGCGTGTT 
oSWC02467  TTCAGCGCGATGCCACACAG 
oSWC02468  GATCAGGACACCGGGCTGGATA 
oSWC02469  CCGTCGGTGTAATCCAGAACCTGT 
Antibiotics Key: Tet tetracycline, Kan kanamycin, Gent gentamicin, Spec spectinomycin. 
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Growth conditions 
Strains were routinely grown on KB medium (King et al., 1954).  Strains 
were grown on hrp minimal medium supplemented with Fructose (10mM) as a 
carbon source to induce expression of the T3SS in vitro (Huynh et al., 1989).  
Antibiotics and other supplements were used as appropriate at the following 
concentrations (µg/ml): kanamycin (50), tetracycline (10), spectinomycin (50), 
gentamicin (10), and X-Gluc (80).  Strains were grown at room temperature 
(RT) when on plates, and at 28˚C at 225 rpm when in liquid cultures except for 
Lux assay plates which were incubated at RT and at ~1100 rpm. 
 
Transposon mutagenesis 
Freezer stocks of electrocompetent DC3000 pAC1 were prepared as 
follows.  Cells were grown overnight in 50 ml Kings B (KB) medium at 28˚C 
and 225 rpm.  The overnight culture was diluted the next morning into 130 ml 
KB at starting OD600=0.1.  This culture was grown to OD600=0.8, and cells 
were harvested by centrifugation at 6,000 x g for 5 minutes at RT in a 
Beckman Coulter Avanti J-E centrifuge.  The supernatant was discarded, and 
cells were washed twice in an equal volume of 300 mM sucrose followed by 
two 10% glycerol washes with centrifugation as above.  Cells were 
resuspended in 1/60
th volume 10% glycerol after the final wash, and 100 µl 
aliquots were apportioned into 0.6 ml microcentrifuge tubes.  A 1 ml pipette 
box insert with sides removed was used to freeze cells in the -80˚C freezer.  
Cells were transferred to storage at -80˚C for future electroporations after they 
were completely frozen in the modified pipette rack.  No changes in efficiency 
were observed as cells were stored over time.   
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Electroporations 
Frozen, electrocompetent DC3000 pAC1 aliquots were thawed on ice 
for 8 minutes and allowed to equilibrate to RT for 8 minutes before 
electroporation.  1 µl EZ-Tn5 Kan
R transposome (Epicentre Biotechnologies) 
was used per electroporation.  Warmed DC3000 pAC1 electrocompetent 
aliquot and transposome were mixed briefly by pipette and immediately 
electroporated (Voltage 2500, Capacitance µF 25, Resistance 200) in a 2 mm 
cuvette.  900 µl SOC or KB medium was added, and cells recovered for 2 
hours at 28˚C and 225 rpm.  Recovered cells were then diluted 4 fold (total 4 
ml) with SOC or KB and 100 µl was plated on hrp minimal medium plates 
supplemented with 10 mM fructose, kanamycin (50 µg/ml), tetracycline (10 
µg/ml), and X-Gluc (80 µg/ml). 
 
Selection and mapping of transformants 
Cells were grown on hrp minimal medium for 5-7 days at 28˚C to allow 
for color development.  In general, ~1/1000 colonies showed a decrease in 
GUS expression compared to average expression levels.  Gus-deficient 
colonies were patched onto the same hrp minimal medium as above, and cells 
from patches that continued to exhibit decreased GUS phenotype were 
archived in 20% glycerol at -80˚C. 
Colony PCR was used to map insertions from stains with reduced 
reporter activity.  A small sample of cells (~2 mm
2) was taken from the patched 
plates and resuspended in 50 µl ddH2O.  These were then boiled for 10 
minutes at 99˚C in a thermocycler, placed on ice for 5 minutes, spun down for 
5 minutes, and the supernatant was used as a DNA template. 
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Arbitrary PCR 
Transposon insertions were mapped via arbitrary PCR adapted from a 
previously published method (Caetano-Anolles, 1993, Peters & Craig, 2000).  
Ex Taq (Takara) polymerase was used to amplify DNA for sequencing. 
1
st Round PCR.  Arbitrary genomic primer oSWC00141 and 
oSWC02330 or oSWC001139 were used for 1
st round PCR.  3 µl of boiled 
template was used in a 20 µl PCR reaction. 
PCR1 – 10 µl Ex Taq, 1 µl oSWC00141, 1 µl oSWC02330 or oSWC001139, 3 
µl DNA template, 5 µl ddH2O.  Themocycler Protocol PCR1.  94˚ 4 min, (94˚ 
30 sec, 42˚ 30 sec, 72˚ 3 minutes) 6 cycles, (94˚ 30 sec, 52˚ 30 sec, 72˚ 3 
minutes) 25 cycles. 
2
nd Round PCR.  Nested genomic primer oSWC00142 and transposon 
primer oSWC02332 or oSWC02331 were used for 2
nd round PCR. 
PCR2 – 10 µl Ex Taq, 1 µl oSWC00142, 1 µl oSWC02332 or oSWC02331, 1.5 
µl 1
st round PCR reaction, 6.5 µl ddH2O.  Themocycler Protocol PCR2.  95˚ 5 
min, (94˚ 30 sec, 45˚ 30 sec, 72˚ 3 minutes) 40 cycles. 
ExoSAP-IT.  10 µl of the PCR product was cleaned with 4 µl ExoSAP-IT 
(USB) according to the manufacturer’s instructions in a thermocycler.   
Sequencing was performed at Cornell University Life Sciences Core 
Laboratories Center.  Sequencing Reaction: 14 µl ExoSAP-IT reaction, 1.5 µl 
Sequencing Primer oSWC02210 or oSWC02209, 2.5 µl ddH2O. 
 
pKnockout mutagenesis 
The retS pKnockout strain was created using previously described 
method (Windgassen et al., 2000).  pKnockout primers oSWC02724 and 
oSWC02725 were designed with BamHI (NEB) restriction sites.  Ω pKO  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plasmid was isolated from lab strain G1707 Ω.  Ex Taq was used to amplify 
PCR templates from WT DC3000, and then plasmid and template were 
digested with BamHI according to manufacturer’s instructions.  Plasmid was 
treated with antarctic phosphatase (NEB) according to manufacturer’s 
instructions.  Digested PCR fragment and digested, phosphatase treated 
plasmid were cleaned with Qiaquick PCR purification kit (Qiagen).  Cleaned 
PCR fragments and plasmid were then ligated for 10 minutes at RT with T4 
DNA ligase (NEB) in a 3:1 ratio (insert:vector) according to manufacturer’s 
instructions.  1 µl ligation reaction was then transformed into chemically 
competent One Shot Top Ten (Invitrogen) E. coli cells.  Spectinomycin 
resistant colonies were isolated, verified for retS fragment via PCR, and grown 
overnight in 5 ml LB plus spectinomycin at 37˚C and 225 rpm.  Plasmid preps 
were done early the following morning with QIAprep Spin Miniprep Kit 
(Qiagen) according to manufacturer’s instructions.  Frozen WT DC3000 
electrocompentent cells were prepared as described above for WT DC3000 
pAC1 cells.  1 µl plasmid (~100 ng) was used for electroporation reactions.  
Spectinomycin resistant DC3000 was verified for plasmid integration by PCR. 
 
RecTE-mediated recombination 
Electrocompetent freezer stock RecTE cells were prepared as WT 
pAC1 electrocompetant freezer stock cells described above, with some 
modifications.  An overnight 50 ml KB culture with gentamicin was inoculated 
at OD600>0.5.  The following morning, the culture was diluted to OD600=0.4 
and grown to OD600=0.8 with 0.5x gentamicin in 120 ml KB.  Cells were 
washed and frozen as described earlier in this study for WT pAC1 cells.  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Mutant alleles from the Tn5 screen were transferred to a fresh WT 
background via RecTE-mediated recombination (Bryan Swingle, in press).  
Primers oSWC02729 and oSWC02729 were used to amplify the mutant allele 
with Ex Taq.  The PCR product was cleaned with the QIAquick PCR 
purification Kit (Qiagen).  1.5 µg of cleaned PCR product (~1.5 µg total) was 
electroporated into WT RecTE electrocompetent freezer stock cells, recovered 
in KB for 4 hours, and plated on KB Kan selective medium. 
Strains with the mutant allele were verified by PCR and cured of the 
RecTE plasmid by subculturing overnight without gentamicin.  Plasmid curing 
was verified by replica patching single colonies onto KB and KB plus 
gentamicin and screening for gentamicin sensitivity. 
 
Growth curves 
  Overnight cultures were established in 50 ml KB liquid medium.  Strains 
were diluted in 50 ml KB liquid medium to OD600=0.15.  All growth curve 
experiments were run in triplicate at 28˚C and with shaking at 225 rpm in a 
Barnstead Lab-Line MaxQ 5000 floor shaker.  Multiple time points were taken 
at least half an hour apart during logarithmic growth (~OD600=0.2-0.9). 
 
Motility assays  
Swarming motility assays were conducted on traditional swimming 
medium (Rashid & Kornberg, 2000).  The basic formulation is as follows: 10 g/l 
Bacto Tryptone (BD), 5 g/l NaCl (MPBio), and 0.3% agar (wt/vol) (USB).  
Overnight 5 ml KB cultures of WT DC3000 and mutants were diluted to 
OD600=0.3 in liquid KB medium, and 5 µl was spotted onto swimming medium 
and incubated at RT.  Swarming was scored after 24-30 hours.  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Traditional swarming medium was used for regular swarming assays 
(Rashid & Kornberg, 2000).  The formulation is as follows: 8 g/l Nutrient Broth 
powder (BD), 0.5% agar (wt/vol) (USB).  Cells were grown as for swimming 
assays, and 5 µl of inoculum at an OD600=0.3 was spotted onto the agar 
surface and incubated at RT for 24-30 hours.   
Twitching assays were performed by increasing the swarming medium 
agar percentage to 1.0% (wt/vol), and inoculating 1 µl through a thinly poured 
layer of medium to the Petri dish-nutrient agar interface.  Twitching assays 
were incubated for 3 days at RT.   
 
Cloning PCR 
Expand High Fidelity PCR System (Roche) was used for cloning 
reactions.  The standard reaction follows manufacturer’s instructions: 
39.25 µl ddH2O, 5 µl Roche 10x buffer with MgCl2, 1 µl dNTPs, 1 µl DNA 
template (50 ng/ul), 1.5 µl primer #1, 1.5 µl primer #2, 0.75 µl Roche HF 
polymerase.  The standard Roche HF polymerase thermocycler program is as 
follows:  94˚C 4 minutes, (94˚C 30 seconds, 55˚C 30 seconds, 72˚C 1 
minutes) 30 cycles, 72˚C 4-7 minutes, 4˚C hold indefinitely.  This can be 
adjusted based on primer melting temperatures and length of fragment to be 
amplified.   
 
Lux assays 
  Lux assays were conducted in black, clear bottom 96-well assay plates 
(BD) with lux activity and cell density measured using a Tecan GENios Pro 
with Magellan 6.3 software (Method_Multilabel_Plate_Def.mth method on 
machine).  Strains were grown overnight in 50 ml KB plus tetracycline.  The  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following morning, 10ml of culture was washed twice in an equal volume of hrp 
minimal wash (hrp minimal medium without a carbon source).  The final 
resuspension was usually concentrated 2-3x.  The concentrated inoculum was 
then diluted into 1 ml hrp minimal wash at OD600=10.0.  20 µl of this was 
added to 180 µl medium supplemented with tetracycline to maintain the 
reporter plasmid.  Reporter activity was monitored over 12 hours, but the most 
contrasting data between strains was usually obtained at 10 hours post 
inoculation (hpi). 
 
RNA Work 
RNA extractions were accomplished using the RNeasy Mini Kit 
(Qiagen).  The protocol is essentially the same as the RNeasy Mini protocol 
for isolation of total RNA from bacteria with an on-column DNase (Qiagen) 
digestion and two 30-minute DNase I (Ambion) treatments before final RNA 
cleanup.  qRT-PCR was performed using iQ SYBR Green Supermix (Bio Rad).  
Plates were read on an iQ5 multicolor real-time PCR detection system with Bio 
Rad iQ5 optical system software 2.0.  All qRT-PCR reactions were run with 
three technical replicates per strain and condition.  gyrA was routinely used as 
the housekeeping gene.  The following formula was used for calculating fold 
changes using cycle threshold (CT) values: 
2^-∆∆CT = 2^-((Target Gene 1 – Housekeeping 1) – (Target Gene 2 – 
Housekeeping 2)) 
qScript (Quanta Biosciences) cDNA supermix.  4ul qScript supermix, 1 
µl RNA (100 ng/µl), 15 µl RNase free H2O.  Cycler Program.  25˚C 5min, 42˚C 
30min, 85˚C 5min, 4˚C hold  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Primer check.  10 µl iQ SYBR Green Supermix (Bio Rad), 5 µl H2O, 4 
µl Primers (mixed and at 2 pmol/µl each), 1 µl template. 
qRT-PCR primer dilutions.  Primers were diluted to 100 mM as usual 
but with nuclease free water.  8 µl of each primer (8 + 8) plus 384 µl nuclease 
free water yielded 2 pM/µl of each primer in the final reaction.  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RESULTS 
Transposon mutagenesis identifies components of T3SS regulon 
  Transposon mutagenesis proved to be a powerful technique to identify 
T3SS-inducing genes.  The EZ-Tn5 transposon is 1221 base pairs long and 
flanked by 19 nucleotide mosaic end sequences that are recognized by 
transposase.  The EZ-Tn5 transposon can either disrupt the expression of a 
gene, or in some cases promote the expression of a gene.  The transposon is 
driven by two strong nptII promoters and has the potential for read-though 
induced gene expression.  This should be taken into consideration when 
analyzing the mutagenesis results.  The total number of insertions screened 
was ~120,000 from four independent electroporation reactions.  120 total 
colonies showed reproducibly reduced reporter activity on hrp minimal medium 
after patching.  Figure 4 shows the workflow of mutant isolation . 
 
 
Figure 4. Transposon insertion mutant isolation and phenotyping.   
Far left, isolation of single colonies after electroporation.  Middle, secondary 
patch to confirm colony phenotype.  Far right, colony plating for visually 
comparing reduced reporter activity.   
 
  Our methodology eliminated auxotrophs that were prevalent in a 
previous study (Deng et al., 2009).  This was advantageous because the focus 
of this investigation was to discover regulatory factors acting upstream of HrpL  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while avoiding metabolic mutants that affected T3SS.  Only mutants that 
showed an obvious deviation from average blueness after patching were 
subjected to further analysis.  There is a formal possibility that a colony arises 
which has more than one transposon insertion in the same clonal population, 
or that two independent insertion mutants grew closely enough to be mistaken 
for a single colony.  These situations would most likely provide overlapping 
sequencing reactions and be unmappable using our strategy.  A high 
percentage of isolated colonies (86%) were successfully mapped suggesting 
that the transposon mutagenesis reaction worked as anticipated in the majority 
of cases. 
Mutants that met stringent screening criteria were sequenced, and 
some were further characterized.  104 out of 120 (86%) colonies selected from 
the screen were successfully mapped to the DC3000 chromosome (or reporter 
plasmid) and are briefly described in Table 2 (for an expanded list see 
Appendix A).  These isolates showed reproducibly reduced reporter activity 
when patched onto hrp minimal medium.  We also attempted to minimize sibs 
from arising by shortening the post-electroporation recovery time to 2 hours.  
This is too short of a time for DC3000 to complete multiple rounds of 
replication.   
Colonies were grown on hrp minimal medium supplemented with 
fructose, kanamycin, tetracycline, and X-Gluc for five days to allow for color 
development.  We developed four categories for scoring colony phenotypes.  
The vast majority of colonies showed an identical blueness.  These colonies 
were characterized as “average” blue and ignored.  The other three categories 
are as follows: white, no blue color; pale, below average blue color; and dark 
blue, exceptionally dark blue color.  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Table 2. Insertions with reduced reporter activity. 
Count  Unique  PSPTO_  Name  Pheno  Note 
25  23  PSPTO_2222  rhpS  White  Sensor histidine kinase 
17  17  PSPTO_4868  retS  Pale  Sensor histidine kinase/response regulator RetS 
15  15  Vector - Gus     White    
11  8  PSPTO_3576  tvrR  Pale  TetR-like virulence regulator 
9  9  PSPTO_1380  hrpS  White  Type III transcriptional regulator HrpS 
3  3  PSPTO_0362     Pale  DeoR family transcriptional regulator 
2  1  PSPTO_1379  hrpR  Pale  Type III transcriptional regulator HrpR 
2  2  PSPTO_0080  pyrE  White  Orotate phosphoribosyltransferase 
2  2  PSPTO_1404  hrpL  White  RNA polymerase sigma factor HrpL 
2  2  PSPTO_3836     Pale  Hypothetical protein, conserved in Pseudomonads 
1  1  intergenic     Pale  Intergenic PSPTO_4434 PSPTO_4433 
1  1  PSPT0_4943  miaA  Pale 
tRNA modification, tRNA delta(2)-
isopentenylpyrophosphate 
1  1  PSPTO_0211  iucD  White  L-lysine 6-monooxygenase 
1  1  intergenic     Pale  Intergenic shcF T3SS chaperone PSPTO_0503 
1  1  PSPTO_0963  pcnB  White  PcnB is required for the rapid degradation of RNA 
1  1  PSPTO_1751  ihfB  White  Integration host factor subunit Beta 
1  1  PSPTO_2362  map-2  White  Methionine aminopeptidase, type I 
1  1  PSPTO_2621  polB  White  DNA polymerase II 
1  1  PSPTO_2663     Pale  LysR family transcriptional regulator 
1  1  PSPTO_2705     Pale  Mannitol ABC transporter, permease protein 
1  1  PSPTO_3369  nuoF  White  NADH dehydrogenase I subunit F 
1  1  PSPTO_4505  dnaK  White  Molecular chaperone DnaK 
1  1  PSPTO_4735  hrpB  White  ATP-dependent helicase HrpB 
1  1  PSPTO_4817  hopAJ2  White  Lytic murein transglycosylase  
1  1  PSPTO_5341     Pale 
Involved in the assembly of outer membrane proteins in 
E. coli 
1  1  PSPTO_5502     White  Hypothetical protein, conserved in Pseudomonads 
Count is the total number of times that a transposon insertion was mapped to 
the gene listed.  Unique is the number of putative independent insertion 
events.  Insertion events were conservatively considered to be unique if the 
insertion location was greater than 10 base pairs from all other insertion 
locations from a single electroporation reaction.  Gene names are provided in 
the table if annotated.  Phenotype is the reporter activity level of the secondary 
patch.  Note provides additional information for each gene. 
 
  Table 2 shows that this screen successfully identified many known 
components of DC3000 T3SS regulation including hrpR, hrpS, hrpL (Brencic & 
Winans, 2005), rhpS (Xiao et al., 2007), and tvrR (Preiter et al., 2005).  There  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are also hits homologous to pathogenesis-related or host-responsive genes 
from other species including ihfB (Stonehouse et al., 2008), iucD (Boch et al., 
2002), and nuoF (Hernandez-Morales et al., 2009).  It was surprising to us that 
we identified insertions in the reporter plasmid itself.  This suggests that the 
reporter plasmid may be present in low copy numbers.  It could also be 
explained as a rare event that arises due to observer bias (white colonies 
stand out on a plate of average blue colonies).  There are also a large number 
of genes with a single insertion event recorded.  Multiple independent hits into 
a gene build confidence that the gene is involved in T3SS under the conditions 
tested, and those with lower counts necessarily require increased confirmation 
to solidify the gene-phenotype relationship.  The gene-phenotype relationship 
should be further confirmed by various approaches including an independently 
generated mutant strain. 
An interesting finding is the large number of insertions in retS 
(PSPTO_4868).  RetS has not been reported to play a role in DC3000 T3SS 
regulation.  RetS does have characterized homologs in both P. aeruginosa 
and B728a that have been implicated in activation of the T3SS (Goodman et 
al., 2004, Records & Gross, 2010).  This gene was therefore selected for 
further characterization in DC3000.   
 
Darker than average colonies also obtained in screen 
  A small number of transposon mutants displayed a dark blue 
phenotype.  These colonies were easily distinguished from the average blue 
colonies.  Often, the dark blue colonies were smaller and seemed to 
hypersecrete blue pigment into the medium, forming a blue halo.  These dark  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blue colonies were isolated and 29 were successfully mapped.  Table 3 shows 
the results for mapped dark blue insertion mutants. 
 
Table 3. Insertions with increased reporter activity. 
Count  Gene  Name  Notes 
6  PSPTO_3724  lon-1  ATP-dependent protease Lon-1 
4  PSPTO_0829  clpB  ATP-dependent chaperone 
4  PSPTO_3353  clpA  ATP-dependent Clp protease 
2  PSPTO_3024  gacA  Master regulator gacA 
2  PSPTO_1691  gacS  Master regulator gacS 
1  PSPTO_4897  cbpA  Curved-DNA-binding protein 
1  PSPTO_5141  hslU  Heat shock protein, degradation of misfolded proteins 
1  PSPTO_5308     Putative aminotransferase 
1  PSPTO_A0024     No conserved domains 
1  PSPTO_2712     Sensor histidine kinase/response regulator 
1  PSPTO_3127  malQ  4-alpha-glucanotransferase, glycogen synthase operon 
1  PSPTO_0606  anmK  Murein recycling 
1  PSPTO_1038     Conserved hypothetical 
1  PSPTO_1067     Glycosyl transferase, group 2 family protein 
1  PSPTO_2299  oprF  Outer membrane porin OprF 
1  PSPTO_4175     Sensor histidine kinase 
Count refers to the number of colonies with an insertion in a gene.  The 
PSPTO and gene names are provided with a note about putative function. 
 
It is also important to note that some of the dark blue colonies also had 
insertions in the reporter plasmid itself.  In these cases, the transposon 
integrated into the pAC1 reporter plasmid very near the 5’ end of the iucD 
reporter gene.  Theoretically, this result could occur if the transposon inserted 
into the correct orientation to the iucD gene for significant read-through from  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the transposon’s strong promoters.  This situation would potentially produce 
an iucD overexpression strain.  The possibility that promoters internal to the 
transposon are driving expression outside of the insertion should be taken into 
consideration when analyzing the data from this screen. 
 
 
Figure 5. lon-1 mutant on rich and minimal media. 
WT and the ∆lon-1 mutant were grown on KB rich or hrp minimal media each 
supplemented with X-Gluc for 5 days to allow for color development.   
 
Lon-1 is known to repress the T3SS especially in rich medium.  A lon-1 
mutant shows increased HrpR stability and hypersecretion of effector proteins 
(Bretz et al., 2002).  Lon-1 could also be active on hrp minimal medium, so 
that a lon-1 mutant displays the dark blue phenotypes observed.  A few lon-1 
insertion mutants were tested on KB rich medium with antibiotics and X-Gluc.   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These colonies continued to show reporter activity while WT showed none.  
This is represented in Figure 5. 
Many other mutants in Table 3 are chaperones and proteases.  
Proteases have been shown to play a role in pathogenicity as described for 
Lon-1 above, and chaperones can protect effectors from degradation (Losada 
& Hutcheson, 2005).   
Two insertion mutants listed in Table 3 have an unexpected phenotype.  
These are insertions in gacS and gacA.  The insertion locations in gacS map 
~1.4kb apart and are therefore not siblings.  One gacA insertion has only 26 
base pairs of sequence overlap with the DC3000 chromosome, which is 
uniquely mappable, but the sequencing reaction should be repeated to verify 
the insertion with a much longer read.  The second gacA insertion is 21 bases 
from the annotated start site and is in the correct orientation to drive 
expression of gacA from the transposon’s strong promoters.  A gacA mutant in 
P. aeruginosa shows increased T3SS activity in inducing conditions versus 
wild type (Brencic et al., 2009).  This phenotype is the due to the reciprocal 
regulation of biofilm/chronic infection (gacS/A activation via LadS) and T3SS 
induction/acute infection (GacS/A inhibition via RetS) (Goodman et al., 2004, 
Brencic et al., 2009).  In contrast, a DC3000 gacA mutant was reported to 
have decreased hrpL abundance, a swarming defect, and also a HR defect in 
tobacco (Chatterjee et al., 2003).  The gacA mutant from our screen showed 
the same reduction in swarming and a similar HR defect (at the same 
inoculum concentration) as previously reported (data not shown).  The 
discrepancy between high reporter activity and reduced HR for our gacA 
mutant, and the differences between gacA and T3SS in P. aeruginosa versus  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DC3000 cannot be explained at present.  It would be interesting to further 
investigate the mechanisms behind these conflicting responses.   
 
DC3000 RetS domain architecture 
  RetS has a unique domain architecture.  It has two receiver domains as 
shown in Figure 6 (Marchler-Bauer & Bryant, 2004, Marchler-Bauer et al., 
2009).  
 
 
Figure 6. DC3000 RetS domains. 
The domains most relevant to this study are the putative carbohydrate binding 
domain in the N-terminal region, and the REC domains with conserved, 
putative phosphorylation sites. 
 
The N-terminal region has a predicted periplasmic carbohydrate binding 
domain.  The ligand for the putative carbohydrate binding domain is not 
currently known, but it, and most of the following seven transmembrane-
spanning domain, is not required for T3SS activation in P. aeruginosa 
(Laskowski & Kazmierczak, 2006).  The dual receiver domains make this 
hybrid TCS protein unique.  Each has a putative, conserved aspartic acid 
residue that may be used for phosphorylation relay signaling events.   
 
∆retS in vitro growth curve 
  It is important to characterize any mutant for in vitro growth rates to 
identify any substantial growth defects.  The ∆retS mutant growth curve is  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shown in Figure 7.  The growth rate defect is not specific to the ∆retS mutant 
as the original transposon insertion mutant and ∆retS-RecTE also showed 
similar, slight growth defects when compared to WT DC3000 growing in rich 
medium (data not shown). 
 
 
Figure 7. ∆retS and WT DC3000 growth rates. 
Representative graph of exponential growth phase is shown for three technical 
replicates of WT and ∆retS.  Liquid cultures were diluted to OD600=0.15 in 50 
ml KB rich medium and grown at 225 rpm and at 28˚C.  Error bars are shown. 
 
This growth defect was not anticipated because a mutation in a 
membrane sensor is not predicted to influence growth.  The moderate growth 
rate decrease for ∆retS may be related to the slightly smaller colonies 
observed when growing on solid medium plates.  The growth rate data at 1-3 
hours post inoculation (hpi) shows that ∆retS grows at ~66% of the WT rate in 
exponential growth phase.  In vitro growth rate data has not been reported for 
the B728a retS mutant (Records & Gross, 2010), and retS in P. aeruginosa 
was only reported as non-essential in both rich and hrp minimal media  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(Goodman et al., 2004).  The finding that a retS mutant shows an in vitro 
growth rate defect makes it challenging to use the DC3000 retS mutant for in 
planta growth rates, as the mutant may show a decrease in growth.  This 
could masquerade as a plant-microbe interaction effect.   
 
∆retS hyperswarming phenotype in medium with NaCl 
  RetS is reported to have an effect on motility (Hsu et al., 2008, Records 
& Gross, 2010).  We used the ∆retS-RecTE mutant to investigate swarming 
motility on traditional NB-based swarming medium as shown in Figure 8.  
∆retS-RecTE swarms similarly to WT on this medium. 
 
 
Figure 8. WT and ∆retS-RecTE swarming. 
Swarming on NB medium solidified with 0.5% agar.  Plates were inoculated 
with 5 µl of culture at OD600=0.3.  WT and ∆retS-RecTE mutant show similar 
swarming activity after 24 hours.  A representative data set from three 
technical replicates is shown. 
 
We next investigated swimming motility with ∆retS on traditional 
tryptone-based swimming medium (Rashid & Kornberg, 2000).  It if difficult to  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report whether ∆retS shows reduced swimming motility, because the mutant 
displays a hyperswarming phenotype on swimming medium (Figure 9).  The 
WT strain will swim through the medium when stab inoculated into swimming 
medium.  In contrast, ∆retS and ∆retS-RecTE exhibit a hyperswarming 
phenotype without swimming much, if at all, through the medium.  Note that 
the dendritic motility pattern is most easily obtained on medium with a high 
amount of surface water.  Drying the plates for 15 minutes in the hood after 
pouring will result in more uniform motility that is easier to quantify as shown in 
Figure 10.  The assessment of motility is not affected. 
 
 
Figure 9. WT and ∆retS swarming on swimming medium. 
Plates were inoculated with 1 µl of culture at OD600=0.3 into the agar, and 
incubated at RT for 72 hours.  Plates were not dried prior to inoculation which 
produces the dendritic pattern.  Representative plates are shown from three 
technical replicates.   
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The ∆retS swarming on swimming medium phenotype was unique to all 
the transposon insertion mutant strains examined (~10 strains).  As a result, 
the swimming assay was altered to detect swarming on swimming medium by 
inoculating onto the surface of the agar instead of into the agar (this prevents 
WT DC3000 from swimming through the agar).  Factors involved in motility 
were revealed in more detail when NaCl was excluded from the medium.  
Figure 10 shows the RetS-dependent on/off swarming motility response with 
and without NaCl (0.086 mM NaCl is in the standard swimming medium). 
 
 
Figure 10. WT and ∆retS swarming with and without NaCl. 
Swarming either with or without 0.086 mM NaCl on tryptone-based medium.  5 
µl OD600=0.3 inoculated onto plates and incubated for 48 hours at RT.  
Representative photos from three independent experiments are shown. 
 
The white haze on the plates results from bacteria covering the entire 
plate, having spread from the center where the plates were inoculated.  This is  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a typical 48-hour response.  The pictures in Figure 10 were taken after 
quantitative data collection at 24-30 hpi, but illustrate how WT DC3000 
swarming is repressed on medium supplemented with 0.086 mM NaCl and 
that the ∆retS mutant displays a hyperswarming phenotype under the same 
conditions.  
  We investigated this response further to see if osmotic stress was 
responsible for the phenotypes observed.  Polyethylene glycol MW 200 
(PEG200) is membrane permeable and commonly used to produce osmotic 
stress as a NaCl substitute.  Using both NaCl and PEG200 supplements can 
show that a phenotype is osmotic stress related and not Na
+ or Cl
- ion specific.  
Both WT DC3000 and ∆retS were inoculated onto tryptone-based swarming 
medium with NaCl or PEG200 at -0.25 MPa, NaCl or PEG200 at -0.5 MPa, or 
without supplements.  Figure 11 shows the results from a representative 
sample of these experiments. 
Figure 12 similarly contains both NaCl and PEG200 supplemented 
medium at -0.25 MPa, and also included the ∆retS Comp strain (retS 
complemented on a plasmid with the nptII promoter).  The results can be also 
be seen in the pictures in Figure 13 taken at 48 hpi.   
Both the swarming diameter data at 24 hpi and the pictures at 48 hpi 
suggest that RetS elicits a general response to NaCl and PEG200 
supplemented medium with repressed swarming as one output.  WT DC3000 
can swarm on PEG200 farther than on NaCl at the same MPa stress level, 
though it is greatly reduced.  WT DC3000 was never observed to swarm on 
NaCl supplemented medium even after 7-10 days of incubation.  The PEG200 
phenotype is not as obvious as the NaCl phenotype, but this data suggests 
that RetS is part of the signaling pathway for osmotic stress.  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Figure 11. Swarming with NaCl and PEG200 supplements. 
WT and ∆retS mutant strains were inoculated with 5 µl of culture at 
OD600=0.3 on tryptone-based swarming medium and incubated at RT for 24 
hours.  Representative data from three technical replicates are shown.  
 
 
Figure 12. WT, ∆retS, and ∆retS complemented swarming. 
WT, ∆retS, and ∆retS Comp strains were inoculated with 5 µl of culture at 
OD600=0.3 on tryptone-based swarming medium and incubated at RT for 24 
hours.  Representative data from three technical replicates are shown.  
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Figure 13. Pictures of swarming with and without NaCl and PEG200. 
5 µl of WT, ∆retS, and ∆retS Comp strains at OD600=0.3 were incubated on 
tryptone-based swarming medium for 48 hours at RT with the following 
supplements: A, none; B, -0.25 MPa NaCl; C, -0.25 MPa PEG 200. 
 
There was no twitching defect for ∆retS when compared to WT DC3000 
(data not shown) similarly to the B728a retS mutant (Records & Gross, 2010).  
This contrasts with the twitching defect reported for the P. aeruginosa retS 
mutant (Zolfaghar et al., 2005).   
 
Monitoring T3SS activity in ∆retS 
  WT DC3000 and ∆retS were transformed with pBS45 to monitor HrpL 
activity in response to various supplements in different media.  pBS45 
contains the avrPtoB promoter positioned 5’ to the LuxCDABE operon 
(pavrPtoB::LuxCDABE).  This construct allows for simplified monitoring of 
reporter activity over an extended period of time.   
  Our first experiments investigated reporter activity in liquid medium 
similar to the hyperswarming assays.  Figure 14 shows Lux data at 10 hpi in  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hrp minimal medium (supplemented with 10 mM fructose) and tryptone-based 
medium both with and without NaCl or PEG200.   
 
 
Figure 14. Lux reporter activity with NaCl, PEG200, or PEG8000. 
Liquid medium cultures were inoculated to OD600=1.0 and incubated at RT 
with shaking at 1100 rpm.  Lux activity was recorded at 10 hpi.  Results are 
shown for three technical replicates. 
 
The first condition in this graph shows again that a mutation in retS 
prevents a WT level of T3SS activity as measured by a different reporter 
construct, but in similar inducing conditions (this is the same minimal medium 
formulation from the original screen).  The other five conditions illustrate the 
RetS-independent suppression of T3SS activity in nutritionally rich medium 
that is also not dependent on NaCl or PEG supplements.  We cannot conclude 
that osmotic stress from NaCl or PEG plays no role in induction of the T3SS in 
DC3000, but nutritionally rich medium is indeed a very potent inhibitor of T3SS 
which would mask any T3SS inducing effect.  Minimal medium could be more 
suitable for future osmotic stress assays.  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  The next series of experiments on this theme investigated the 
relationship between carbon source and induction of the T3SS, to determine if 
the responses are RetS-dependent.  Prior work demonstrated the effect of 
carbon sources on T3SS activity in P. syringae pv. glycinea and connected the 
results to how sugars feed into the TCA cycle (Huynh et al., 1989) (for relevant 
data from this paper see Appendix B).  We set up an experiment in DC3000 
investigating T3SS induction with different carbon sources in hrp minimal 
medium.  The results of this experiment are shown in Figure 15. 
Nutritionally rich medium (KB) represses reporter activity.  Citrate, 
GABA, L-glutamate, succinate, and sucrose carbon sources all show similar 
effects comparing WT and the ∆retS mutant.  These results concur with the 
T3SS induction findings of a previous study with P. syringae pv. glycinea 
(Huynh et al., 1989).  The two most interesting carbon sources from our 
experiments are fructose and mannitol.  Our data suggests that RetS is linked 
to an ~3 fold increase in reporter activity only in the presence of fructose and 
mannitol hinting at a possible mechanism.  This RetS-dependent phenotype is 
constant over many hours as shown in Figure 16 for fructose, Figure 17 for 
mannitol, and Figure 18 for sucrose (as a control). 
We noted that, in general, reporter activity increased over time even 
when normalizing for cell density.  This was not surprising as it has been 
hypothesized that nutrient starvation can lead to the induction of the T3SS 
(Deng et al., 2009).  Also, the half-life of the LuxCDABE proteins in DC3000 is 
not known and may accumulate over time.  These experiments provide 
evidence that RetS plays a role in T3SS induction, with fructose and mannitol 
as specific elicitors, after a relatively short period of time in inducing medium.   
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Figure 15. Carbohydrate effects on Lux reporter activity. 
WT pBS45 and ∆retS pBS45 were used to measure carbohydrate effects on 
T3SS activity.  KB medium was used as a negative control.  All other media 
are based on hrp minimal medium with the various sole carbon sources listed.  
Results are reported for three technical replicates. 
 
 
Figure 16. Lux reporter activity with fructose as a function of time. 
200 µl cultures were started in hrp minimal medium with fructose at starting 
OD600=1.0 and incubated at RT with shaking at 1100 rpm.  Results are 
shown for three technical replicates with time points indicated over 24 hours. 
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Figure 17. Lux reporter activity with mannitol as a function of time. 
200 µl cultures were started in hrp minimal medium with mannitol at starting 
OD600=1.0 and incubated at RT with shaking at 1100 rpm.  Results are 
shown for three technical replicates with time points indicated over 24 hours. 
 
 
Figure 18. Lux reporter activity with sucrose as a function of time. 
200 µl cultures were started in hrp minimal medium with sucrose at starting 
OD600=1.0 and incubated at RT with shaking at 1100 rpm.  Results are 
shown for three technical replicates with time points indicated over 24 hours. 
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The swarming experiments above show that RetS is involved in the 
hyperswarming phenotype with NaCl and PEG200 supplements.  We thought 
that it would be interesting to investigate the role of NaCl and PEG200 in 
minimal medium to look for additive or RetS-dependent activation of T3SS.  
The results of this experiment are shown in Figure 19. 
  Once again, reporter activity is repressed in nutritionally rich medium, 
and the ∆retS mutant shows a reduction in reporter activity in both fructose 
and mannitol, and not in sucrose or L-glutamate.  Otherwise, sucrose 
represses reporter activity in both WT and ∆retS to a similar proportion, and 
PEG200 decreases reporter activity in a similar pattern to sucrose yet more 
intensely.  No obvious RetS-dependent phenotype was observed under these 
conditions. 
 
 
Figure 19. Lux reporter activity in mixed media. 
WT pBS45 and ∆retS pBS45 were used to measure mixed carbohydrate 
effects on T3SS activity in 200 µl cultures.  KB medium was used as a 
negative control.  All other media are based on hrp minimal medium with the 
supplements listed.  Results are reported for three technical replicates. 
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∆retS qRT-PCR 
  Quantitative real time PCR (qRT-PCR) was used to verify reporter 
activity (see Appendix C) and investigate T3SS pathway intermediates in the 
RetS-dependent signaling cascade.  Cells were prepared in the same hrp 
minimal medium used in the screen.  The ∆retS mutant strain was compared 
with WT for T3SS-related gene expression.  qRT-PCR targets included hrpL, 
hrpJ, and rsmZ.  The WT strain has an almost 23-fold increase in hrpL and a 
10-fold increase in hrpJ transcript levels when compared to the ∆retS mutant 
after 4 hours.  This data confirms that ∆retS is unable to fully activate the 
T3SS in inducing conditions when compared to WT, and suggests an 
analogous mechanism to the P. aeruginosa model. 
  In P. aeruginosa, RetS works through the GacS/A regulatory pathway 
that includes small regulatory molecules including rsmZ.  The RetS model in P. 
aeruginosa shows that high rsmZ levels titrate “free” RsmA and lead to the 
expression of biofilm related genes.  RetS is an antagonist to this pathway by 
reducing the level of RsmZ, leaving RsmA to inhibit biofilm-related gene 
expression.  rsmZ was therefore selected as a qRT-PCR target in DC3000.  
∆retS had a 31-fold increase in rsmZ transcript levels compared to WT in 
inducing conditions after 4 hours.  This suggests that in DC3000, like in P. 
aeruginosa, RetS activates T3SS by reducing rsmZ transcripts. 
 
The ∆retS hypersensitive response 
  The hypersensitive response (HR) assay tests for a functional T3SS.  
These experiments use a 2-fold dilution series to investigate subtle defects in 
secretion machinery.  The highest concentration of cells (injected into the top 
of the leaf) is 2 x 10
7 cfu, and the lowest is 0.25 x 10
6 cfu (at the lowest  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position on the leaf).  WT DC3000 is injected into the left side of a fully 
expanded tobacco leaf, and the mutant under investigation is injected on the 
right side of the leaf.  The HR results from the ∆hrpR, ∆hrpL, and ∆retS 
mutants are shown in Figure 20. 
The ∆hrpL and ∆hrpR mutants do not have the ability to induce the 
T3SS and, as shown, do not induce the HR response in tobacco.  The ∆retS 
mutant shows reduced T3SS activity in vitro, but shows no difference versus 
WT in tobacco.  This could be due to redundancy in T3SS activating pathways, 
or because the ∆retS mutant is not compromised enough in T3SS to show an 
HR defect with this assay.   
 
 
Figure 20. HR assays for ∆hrpR, ∆hrpL, and ∆retS. 
Overnight cultures were diluted 2-fold serially and inoculated into a fully 
expanded N. benthamiana leaf from top to bottom at the following 
concentrations (in colony forming units): 2.0 x 10
7, 1.0 x 10
7, 0.5 x 10
6, and 
0.25 x 10
6.  WT is on the left side of the leaf, and mutants on the right. 
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Vfr and RetS 
  Vfr (virulence factor regulator) has been compellingly implicated in P. 
aeruginosa virulence-related gene expression in connection with RetS 
(Goodman et al., 2004, Laskowski et al., 2004).  These reports suggest that 
RetS may induce T3SS expression through the transcriptional regulator Vfr.  
Microarray studies also showed significant overlap in a set of genes related to 
acute infection in ∆retS and ∆vfr mutants (Wolfgang et al., 2003, Goodman et 
al., 2004).   
We used Lux reporter plasmids to investigate T3SS activity under 
different in vitro conditions for ∆retS and ∆vfr DC3000 mutants.  The plasmids 
used are similar but not identical.  pBS45 has pavrPtoB::LuxCDABE as a 
reporter, and pBS63 has phrpJ::LuxCDABE as a reporter.  Both promoters are 
hrp boxes.  While similar, they are not identical and this should be taken into 
consideration when analyzing the following data. 
  An earlier experiment with WT pBS63 and ∆vfr pBS63 showed a similar 
pattern of reduction in reporter activity to that shown for WT pBS45 and ∆retS 
pBS45.  The results of the ∆vfr Lux experiments are shown in Figure 21.  The 
starting cell density of the ∆vfr Lux experiments was OD600=0.4, and not 
OD600=1.0 as for ∆retS assays.  Once again, it appears that fructose and 
mannitol could be inducing the T3SS through the activity of Vfr similarly to that 
shown for the ∆retS mutant in this study.  Figure 22 is also from the ∆vfr Lux 
data set, but only shows time course data for selected carbon sources to 
simplify the visual representation. 
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Figure 21. WT and ∆vfr Lux reporter with different carbon sources.   
WT pBS63 and ∆vfr pBS63 were inoculated into 5 ml of LM or hrp minimal 
medium with specific carbon sources.  Initial inoculum was OD600=0.4 and 
reporter activity was recorded at 12 hpi. 
 
 
Figure 22. WT and ∆vfr Lux as a function of time. 
WT pBS63 and ∆vfr pBS63 were inoculated at OD600=0.4 into 5 ml hrp 
minimal medium with supplements as identified in the graph legend.  Sucrose 
is provided as a negative control. 
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  The data in Figure 22 is paired by colors with WT lighter than the 
mutant.  Sucrose is shown as a control that is not thought (from our 
experiments) to influence T3SS through the RetS-dependent pathways that we 
are studying.  Vfr seems to be active only in the early stages of growth in 
minimal medium and not as the cells reach a higher density into stationary 
phase after or around 24 hours.  Vfr is known to have cell density-dependent 
effects in P. aeruginosa (Bertani et al., 2003). 
The ∆vfr Lux experiments were repeated to include the ∆retS Lux 
strains.  The protocol and initial cell density followed the ∆retS Lux 
experiments.  Figure 23 shows the results. 
 
 
Figure 23. ∆retS and ∆vfr Lux reporter activity. 
WT pBS45, ∆retS pBS45, WT pBS63, and ∆vfr pBS63 were inoculated into 
hrp minimal medium with supplements as described in the graph at initial 
OD600=1.0.  Data is from 10 hpi.  Three technical replicates are shown.  
 
The fructose and mannitol response of the ∆retS pBS45 mutant was not 
replicated in this experiment for the ∆vfr pBS63 mutant strain.  This response  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could be due to the initial inoculum cell density of OD600=1.0.  Earlier 
experiments with ∆vfr pBS63 showed differences from WT in fructose and 
mannitol only when cell density was less than OD600=0.8, which is lower than 
the initial cell density tested in Figure 23.  Also, note that this response is not 
considered to be the result of a growth defect because the ∆vfr mutant strain 
grows at an equivalent rate to WT in rich medium (data not shown) 
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DISCUSSION 
   RetS is a unique, hybrid TCS that plays an important role in T3SS 
regulation in DC3000 as in P. aeruginosa (Goodman et al., 2004, Laskowski et 
al., 2004).  However, in DC3000 the ∆retS mutant fails to show a plant 
phenotype.  It is unlikely that DC3000 would have this conserved sensory 
protein purely for the in vitro conditions tested here.  It is more likely that we 
have so far been unable to identify the purpose of RetS in the DC3000 lifestyle 
as it relates to the in vitro motility and T3SS regulation phenotypes that we 
have recorded.   
We do know that a DC3000 ∆retS mutant is still able to induce the HR 
in the tobacco non-host.  This finding is the same as that reported for the 
∆retS mutant in B728a (Records & Gross, 2010).  It would be informative to 
investigate the DC3000 ∆retS mutant phenotype in other plant species 
including the tomato host, but these assays must be done with caution 
because the ∆retS mutant had a moderate growth defect in rich medium 
during exponential growth.  The lack of a HR phenotype suggests that RetS 
does not have complete control over T3SS (versus hrpL for example), and/or 
that there is redundancy for activating the T3SS in tobacco that is RetS-
independent.  This could indicate the regulatory complexity that a pathogen 
faces for integrating multiple environmental signals that feed into one master 
regulatory network (T3SS for example). 
  With growth rate aside, there are compelling ∆retS mutant phenotypes.  
The hyperswarming phenotype on NaCl supplemented medium is striking.  
RetS is a signaling component that represses DC3000 swarming in the 
presence of NaCl or PEG200, but we were unable to prove that osmotic stress 
alone induces the T3SS from the few experiments conducted so far.  We  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hypothesize that our in vitro study may mimic an environment where it is 
favorable for DC3000 to remain immotile and that RetS is a part of the signal 
transduction relay for this phenomenon.  It would be interesting to see if the 
first REC domain is responsible for the motility phenotype as only the second 
REC domain has been functionally phenotyped for its involvement in 
pathogenicity (Laskowski & Kazmierczak, 2006).  Our current hypothesis is 
that RetS is involved in regulatory networks both feeding into and outside of 
T3SS cascades.  The RetS regulatory network outside of T3SS cascades 
could work through genes with histidine-containing phosphotransfer (Hpt) 
domains like in P. aeruginosa (Hsu et al., 2008).  P. aeruginosa displayed a 
hyperswarming phenotype when the Hpt cascade PA3346-47 (PSPTO_1964-
63 orthologs) was interrupted, and implicated RetS as one component of this 
signaling cascade. 
  We have also discovered that RetS is involved in the pathway that 
represses rsmZ and activates T3SS, in inducing conditions, similar to P. 
aeruginosa (Ventre et al., 2006).  Our current hypothesis is that RetS is at the 
top of one T3SS activating pathway.  Further, RetS induces T3SS in response 
to fructose and mannitol supplemented minimal medium but not the other 
carbon sources tested.  This leads us to speculate that fructose and mannitol 
(and perhaps other similarly structured carbohydrates) are directly sensed by 
the 7TMR-DISMED2 RetS domain and activate The T3SS.  It would be very 
interesting to discover if this pathway is involved in plant-microbe interactions 
enabling DC3000 to discern the appropriate moment for pathogenesis. 
  More data will be needed to fully compare and contrast the P. 
aeruginosa, B728a, and DC3000 RetS models.  Our rsmZ data suggests that 
DC3000 is more similar to P. aeruginosa than B728a when inducing the T3SS.   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The DC3000 gacS and gacA mutant phenotypes from our screen also concur 
with the P. aeruginosa model.  Interestingly, T3SS induction in B728a is GacS-
independent .  It would be informative to know how the predicted RsmZ 
homolog in B728a is affected by the retS deletion to see if it is similar to P. 
aeruginosa and DC3000.  Ultimately, more will have to be done on the entire 
RetS regulon in DC3000 to understand why it seems to be more similar to a 
mammalian pathogen than a related plant pathogen. 
Finally, fructose, mannitol, and sucrose were the three most potent in 
vitro activators of T3SS in P. syringae pv. glycinea (Huynh et al., 1989) (see 
also Appendix C).  The results of our study hint at the mechanism for RetS-
dependent sensing of fructose and mannitol, but not sucrose, leading to T3SS 
induction in DC3000.  Fructose and mannitol are very similar in structure, and 
could provide a key to unlock RetS carbohydrate binding specificity.    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FUTURE WORK 
Non-metabolizable fructose analog 
This experiment would seek to clarify if the hrp system is directly 
activated by binding fructose, or indirectly through metabolic effects.  A non-
metabolizable fructose analog could easily be used as a supplement in the 
Lux assays developed in this study.  If the mutant still shows a reduction in 
reporter activity in the presence of the fructose analog it would suggest that 
direct binding through RetS induces T3SS instead of through general 
metabolic effects. 
 
Dip inoculation assay 
  Dip inoculation assays may provide a link between the motility 
phenotype for ∆retS and a plant host.  The B728a ∆retS mutant shows 
reduced survival as an epiphyte on a leaf surface with low humidity (Records & 
Gross, 2010).  RetS may play a role in decision making when it is favorable to 
be non-motile.  The dip inoculation assay may help explain the role of RetS as 
DC3000 interacts with the plant leaf surface and attempts to obtain entry into 
the plant. 
 
RetS carbohydrate binding 
Finding the ligand(s) that bind(s) to the periplasmic sensory domain of 
RetS would be a significant contribution to understanding RetS function.  It 
may be feasible to clone the RetS periplasmic sensor from DC3000 (~150bp), 
attach an epitope tag such as FLAG (built into the cloning primers), and 
overexpress this construct in E. coli.  The sensor would then be purified from 
an E. coli culture and analyzed using Mass Spectrometry.  Identification of  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fructose or mannitol binding would be detected by comparing samples with 
and without the putative ligands and observing a change in peptide mass 
where the ligand is bound.  Negative controls could include ligands used in 
this study that showed no difference in Lux activity between WT and ∆retS.   
 
Phosphorylation assays 
  Mass spectrometry could also provide data on the phosphorylation 
state of the RetS receiver domains.  The purpose of this experiment would be 
to determine the mechanism of RetS signal transduction.  Each RetS receiver 
domain appears to have a conserved aspartic acid residue similar to those in 
P. aeruginosa PA01 RetS.  The second REC domain was linked to T3SS 
induction in P. aeruginosa (Laskowski & Kazmierczak, 2006).  I would be 
interested to analyze potential RetS phosphorylation changes in response to 
fructose and mannitol, or with NaCl and PEG200 supplements like in the 
swarming assays. 
 
Create a retS deletion strain 
  One critical goal is to construct a complete retS deletion strain using the 
pK18mobsacB protocol routinely used in the lab.  This strain would provide 
assurance that there are no remnants of functional RetS in the ∆retS strain. 
 
Expand carbon sources and Lux assays 
  These initial studies have only looked at a handful of carbon sources.  It 
would be simple to expand the carbon sources investigated for T3SS induction 
in DC3000.  The most informative carbon sources would be those with a 
similar structure to fructose or mannitol and that do not activate the T3SS.   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This could provide data on binding specificity for RetS.  Related carbon 
sources that similarly feed into the TCA cycle could also help improve contrast 
between T3SS stimulating compounds versus metabolic effects on T3SS 
activation. 
 
Change ions for swarming assay 
  This experiment would involve switching NaCl with another salt (ie KCl) 
and used at the same molarity for the swarming assays.  The purpose would 
be to investigate if the swarming phenotype is specific to the Na
+ or Cl
- ions, or 
just general osmotic stress. 
 
Alginate and levan assays 
  The RetS-dependent biofilm lifestyle of P. aeruginosa has been 
investigated (Goodman et al., 2004).  Recently, RetS was also found to play a 
role in biofilm formation in B728a (Records & Gross, 2010).  A simple 
experiment would be to investigate alginate and/or levan production in 
DC3000 and the ∆retS mutant using the same protocols in the reference just 
cited.  This data could provide insight into the lifestyle choices of DC3000 and 
the role of RetS in that decision making process.   
 
Complementing ∆retS in DC3000 
  Another approach to complementing RetS is to overexpress rsmA.  In 
P. aeruginosa this shifts the acute versus chronic equilibrium to the chronic 
side of the equation.  Overexpressing rsmA could potentially complement the 
effects of a ∆retS mutation leading to increased T3SS activity.  Additionally, 
overexpressing vfr has also been used to complement the retS mutant in P.  
 50 
aeruginosa (Laskowski & Kazmierczak, 2006).  hrpL could also be 
overexpressed to complement the retS mutant. 
 
Vfr and CHIP-Seq 
  vfr and retS deletions have significant overlap in microarray gene 
expression experiments in P. aeruginosa (Wolfgang et al., 2003, Goodman et 
al., 2004).  I would very much like to see a phenotype for the DC3000 ∆vfr 
deletion strain.  This data could be provided by conducting qRT-PCR for rsmZ 
with cells in both exponential and stationary phase for WT and the ∆vfr 
deletion.  If this proves fruitful, I have already constructed a vfr-FLAG tagged 
strain that could be used for CHIP-Seq to see if Vfr is involved in the subtle 
T3SS DC3000 response seen in the ∆retS mutant.   
 
LadS mutant 
  DC3000 has a predicted ladS gene (PSPTO_4796) orthologous to ladS 
characterized in both P. aeruginosa (Ventre et al., 2006) and B728a (Records 
& Gross, 2010).  I attempted to construct a ladS pKnockout multiple times 
(side by side with successful retS pKnockout generation), but no ladS mutants 
were obtained.  This would be an informative and essential tool for further 
eliciting the RetS regulon in DC3000 to compare it to P. aeruginosa.  Perhaps 
a different method (like a ladS deletion strain) would work.  A ladS deletion in 
DC3000 could also be lethal. 
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APPENDIX A: EXPANDED REDUCED REPORTER ACTIVITY TABLE 
 
 
 
 
 
 
 
 
 
 
Table 4. Expanded reduced reporter activity table. 
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Colony ID identifies the number given to the isolated colony where T1-T4 are 
the independent electroporation reactions.  Gene number and names are 
given.  Seq Order is given to locate the original sequencing reads.  Pheno and 
2˚ Pheno are the color of the isolated colony after patching and after re-plating 
respectively.  Seq Primer is the direction of sequencing off of the transposon.  
Start is the coordinate of the first base from the sequencing reaction with 
homology to the DC3000 genome, and Stop is the final base of homology.  
Coverage is the number of homologous base pairs from the sequencing 
reaction mapped to the DC3000 genome.  E-value is the standard E-value 
from a BLAST search.  Artemis contains notes from the annotated DC3000 
genome from the Artemis browser. 
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APPENDIX B: CARBON SOURCE AND T3SS ACIVITY IN P. SYRINGAE 
PV. GLYCINEA 
 
  Figure 25 is provided for the readers’ benefit.  This figure is from 
experiments with P. syringae pv. glycinea (Huynh et al., 1989).  It relates to 
carbon source effects on Lux activity in DC3000 and the ∆retS mutant. 
 
 
Figure 25. Effects of carbon source on T3SS activity.   
pavrB::LacZ fusion reporter in P. syringae pv. glycinea.  Carbon sources were 
added to 10 mM in hrp minimal medium except for glycerol and pyruvate at 20 
mM each.    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APPENDIX C: VERIFYING GUS REPORTER ACTIVITY 
 
  The first round of qRT-PCR was used to verify reporter activity of a 
number of interesting mutants from the screen.  Mutants selected and qRT-
PCR results are listed in Table 4 and shown in Figure 24 respectively.  The 
qRT-PCR data shows that, in general, reduced reporter activity is accurately 
reflecting reduced target gene transcript abundance.  The other interesting 
finding here is that the colonies with a dark blue phenotype (those with 
overactive reporter activity) were anticipated to show an increase in T3SS-
related transcript levels.  This data suggests that the T3SS activity is still 
reduced in these dark colony mutants.  The mechanism for this result was not 
further investigated. 
 
Table 4. Verifying GUS reporter activity with qRT-PCR. 
Gene  Name  Pheno  Notes 
PSPTO_0362    pale 
DeoR family transcriptional regulator of 
sugar metabolism 
PSPTO_4817  hopAJ2  pale  Lytic transglycoslyase, hrp activated 
PSPTO_0211  iucD  white 
L-lysine 6-monooxygenase, lysine 
degradation 
PSPTO_3724  lon-1  Dark  ATP-dependent protease Lon-1 
PSPTO_2712    Dark 
Sensor histidine kinase/response 
regulator 
PSPTO_1379  hrpR  white  Type III transcriptional regulator HrpR 
PSPTO_3836    pale 
Conserved in green sulfur bacteria and 
marine environmetal samples 
Transposon insertion mutants selected to verify reporter activity.   
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Figure 24. qRT-PCR for hrpL, hrpJ, and hrpR. 
WT and transposon insertion strains mapped to the genes listed in the figure 
legend were grown in 5 ml hrp minimal medium for 4 hours and prepared for 
RNA extraction as in Materials.  Single samples are shown without replication. 
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